Abstract. In MREIT conductivity imaging experiments of animal and human subjects, we should minimize the noise level in measured magnetic flux density data induced by injection currents with low amplitude. Since noise and artifact from an MREIT current source directly affect the quality of the data, a low-noise current source is desirable. In order to be compatible with various MREIT pulse sequences, it should be also programmable. We have developed a new MREIT current source, which is controlled by a PC program for flexibility. We designed it in such a way that it is located inside the shield room of an MRI system. To minimize noise and artifact, we adopted an optical link for the connection to the PC outside the shield room. The enclosure of the new current source provides a magnetic as well as electric shielding to prevent high frequency switching noise of the current source from interfering with the scanner. It is powered by a rechargeable battery so that the entire current source is isolated from the ground. Equipped with automatic lead switching capability, it simplifies and automates MREIT imaging experiments. Our experimental results show that its performance is superior to the previous version, which is located outside the shield room.
Introduction
Cross-sectional imaging of electrical conductivity has been pursued in magnetic resonance electrical impedance tomography (MREIT). The MREIT data acquisition system consists of an MRI scanner, surface electrodes and a constant current source. The current source comprises analog and digital circuits to produce injection current, a dc power supply and connectors for lead wires. It is usually located outside the shield room and there are numerous sources noise and artifact including long cables from the current source to electrodes. In most experimental MREIT studies, currents have been injected as rectangular pulses synchronized with a chosen MR pulse sequence. From numerous experimental works in MREIT, we found that a proper design and implementation of the current source is crucial to minimize the amounts of artifact and noise in measured magnetic flux density (B z ) data.
Recently new pulse sequences have been introduced in MREIT including the spin echo with multiple echo data acquisitions, balanced steady sate free precession (b-SSFP) pulse sequence and also echo planar imaging (EPI) type of data acquisition with switching of phase gradient in a single repetition time (TR) [1] . In order to accommodate various MR pulse sequences, we need to develop a new low-noise MREIT current source, which is programmable.
In this paper, we improved the existing MREIT current source [2] by removing numerous sources of noise and artifact. The new current source is located inside the shield room and connected to a PC and MR spectrometer through optical links. Adopting electromagnetic shielding and battery power, we designed the current source to have a low noise level. We describe the new MREIT current source, which is programmable by a remote PC for its flexibility.
Method
Injection current must be synchronized with the RF pulse of the MR system. Since the MR spectrometer provides trigger signals, we must connect it to the current source. Figure 1 shows the structure of the new MREIT current source equipped with an optical link to a PC and a separate optical link to the MR spectrometer for triggering. We developed an optical-USB converter for the PC and an optical-Tx converter for the spectrometer. This provides a complete isolation of the current source from other equipments and allows us to put the current source inside the shield room. We used two 10-meter optical cables to connect the current source to the PC and spectrometer outside the shield room. The current source consists of a microcontroller, a USB controller, a waveform generator using a 16-bit DAC, a voltage-to-current converter, a lead switching module, an ADC for voltage measurement, a dc power supply and a magnetic shielding case. 
PC communication and RF trigger modules
We used fiber-optic devices (HFBR T-1521 and R-2521, Agilent technologies, USA) for optical links with a PC program and also for trigger signals from the spectrometer. Using the optical links, we reject incoming noise from the PC and other electromagnetic interferences from outside the shield room. On the PC side, we powered the optical link using a separate rechargeable battery since the USB power was not enough. The current source must be triggered by the MR spectrometer. The RF trigger module at the spectrometer side converts TTL trigger pulses to optical signals and this rejects noise from the spectrometer outside the shield room.
MREIT current source
Serial communication module inside the MREIT current source exchange commands and data with the PC. It receives control signals from the PC and sends measured voltage data to the PC. It measures voltage using a 12-bit ADC operating at 25 MHz. This allows us to monitor injection currents and induced voltages in real time.
The main controller is a DSP (TMS320F2812, Texas instruments, USA) operating at 150 MHz. It controls lead switching though its digital output ports. It has a sequence of instruction in a form of a table including trigger source selection, delay time, pulse width, amplitude and lead switching configuration. When it starts to inject current, the main controller controls all operations using the instruction table. We may inject current in an arbitrary waveform since we can store waveform data in the main controller. One can program current source in a flexible way using a PC by writing a script file for the instruction table.
We used a 16-bit DAC (AD768, Analog Devices, USA) to generate an arbitrary waveform with fine resolution. Injection current amplitude is controlled by a digital potentiometer (DS1267, Dallas Semiconductor, USA) and switches. High-power operational amplifier (OPA452, Burr-Brown, USA) is adopted to produce output current with its maximal amplitude of 50 mA.
PC control program
At the PC side, we control the current source by using a script file including information about current waveform, current amplitude, offset, repetition time, polarity and triggering conditions. All of these parameters must be determined based on a pulse sequence to be used for an intended MREIT imaging experiment. Table 1 shows an example of a script file. It has a similar structure with a pulse sequence script file in an MRI system. Pulse sequence programmers have the option of changing the script file according to their pulse sequence. figure 4 . Using the new MREIT current source, we could obtain an MR magnitude image with its SNR of 456.5. When we used the previous current source under the same condition, the magnitude image SNR was 330. This indicates that the new current source improves the MR image SNR by 38%. Figure 5 illustrates a simple MREIT imaging experiment using the new current source. We observed SNR improvements in all three images of the MR magnitude in (a), magnetic flux density in (b) and also reconstructed conductivity image using CoReHA in (c) [3] . 
Conclusion and discussion
We designed and implemented a new MREIT current source. Using optic links, electromagnetic shielding and battery power, we could place it inside the shield room and minimize noise and interference. We found that SNR improvements in MREIT images are significant when we compare the new current source with the previous one. Since it is programmable by a remote PC, we may use it for any MR pulse sequence. In our future studies, we plan to use the new MREIT current source to develop new MREIT pulse sequences. Human imaging experiments will be also conducted by using the new current source.
